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SYSTEMS AND METHODS FOR AN
ARTIFICIAL GEOTHERMAL ENERGY
RESERVOIR CREATED USING HOT DRY
ROCK GEOTHERMAL RESOURCES

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a national stage application
under 35 U.S.C. §371 of International Application No. PCT/

US2011/028841, filed Mar. 17, 2011, which in turn claims
priority under 35 U.S.C. §119(e) to U.S. Provisional Patent
Application No. 61/316,234, filed Mar. 22, 2010, the entire
contents of which are hereby incorporated by reference into
the present disclosure.

FIELD

The field of the disclosure relates generally to geothermal
energy resources. More specifically, the disclosure relates to
systems and methods for development of an artificial geother-
mal energy reservoir using hot dry rock geothermal
resources. More particularly, the disclosure relates to an arti-
ficial geothermal energy reservoir for use with a geothermal
power plant. Yet more particularly, the disclosure relates to an
artificial geothermal reservoir capable of receiving and stor-
ing heat during periods of excess capacity from other heat
sources including concentrated solar power plants, thermal
energy storage modules, and other hot dry rock geothermal
formations.

BACKGROUND

This section 1s intended to provide a background or context
to the invention recited in the claims. The description herein
may 1include concepts that could be pursued, but are not
necessarily ones that have been previously concerved or pur-
sued. Therefore, unless otherwise indicated herein, what 1s
described 1n this section 1s not prior art to the description and
claims 1n this application and 1s not admitted to be prior art by
inclusion in this section.

Geothermal power plants usually have fairly low thermal
elliciencies relative to solar thermal plants and most other
power plants, because of the lower-temperature fluids pro-
duced from most geothermal reservoirs. Even a stream pro-
duced from a highly efficient geothermal resource will nor-
mally flash steam with a temperature less than 450° F. (232°
C.). An optimized steam Rankine-cycle power plant utilizing
steam flashed from produced geothermal brine will typically
enjoy a thermal efliciency of 25% or less, and such efliciency
only applies to heat available 1n the tflashed steam, typically
less than a quarter of the total mass of the produced geother-
mal fluids. For this reason, many geothermal resources that
might otherwise be considered potential sites for geothermal
clectric power production do not have sufliciently high ther-
mal efficiency to result in an economaically attractive project.
Thus, many geothermal and hydrothermal reservoirs are not
developed for electric power generation. The thermal energy
otherwise available 1 such resources remains 1naccessible
from an economic standpoint and thus remains untapped.

Typically, geothermal power plants are fairly small, with
the majority less than about 100 MW 1n generating capacity,
as a result of reservoir and other limitations. Despite current
limitations 1n generating capacity, which result from a com-
bination of the limitations of current methods, commercial
considerations, and reservoir characteristics, many geother-
mal reservoirs contain a very large amount of thermal energy
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that could be extracted i1t the combination of technological
and commercial considerations allowed, especially over a
long period of time. The available geothermal heat per square
mile of geothermal field associated with a 50° F. (28° C.)
temperature change within the field (fluids and rock included)
1s believed to be over 190 trillion BTU per square mile. In an
eight-square-mile geothermal structure, the available thermal
energy could reach about 1500 trillion BTU, the heat-equiva-
lent of approximately 1.5 TCF of natural gas. Thus, geother-
mal heat sources are potentially very large energy sources, 11
they can be tapped and utilized efficiently. Unfortunately, a
substantial majority of these sources do not have the requisite
temperatures and hydrothermal flows needed to economi-
cally sustain a geothermal power plant over a period of time
suificient to make such a project economically attractive.
Thus, methods to efficiently access a greater portion of the
immense thermal energy within a broad range of geothermal
reservolrs would substantially increase society’s ability to
harness geothermal resources for electric power generation.

There have been attempts to recover heat energy from
geothermal heated rock formations that do not contain sig-
nificant quantities of water. Generally these formations are
called hot dry rock (HDR) formations to distinguish these
sources of geothermal heat from traditional geothermal heat
sources such as hydrothermal fields or dry steam fields. The
methods for recovery of geothermal heat from HDR forma-
tions typically involves drilling a well into the rock formation,
fracturing the formation and mapping the fractured structure,
then drilling and completing a second well into the fractured
zone of the rock formation. A flmd, typically water or brine,
1s 1jected nto the first well and migrates through the rock
fractures to the second well. The fluid will absorb heat from
the HDR and the heated fluid will be produced 1n the second
well and typically used to provide heat to a geothermal power
plant. The methods for drilling, fracturing, treating, and com-
pleting the set of wells for injecting and recovering heated
fluid are diverse and extensive and significant current effort to
develop these methods are underway. Collectively these
methods are typically called ‘engineered geothermal sys-
tems’ (EGS).

The temperatures of HDR formations will generally
increase with depth, and although geothermal heated rock
formations could be reached by deep drilling, 1n certain geo-
graphical regions there are locations where higher tempera-
ture gradients exist. In these location and higher temperature
geothermal rock formations are more accessible. The United
States Department of Energy contributed funding for a num-
ber of mnitial EGS projects to test methods to recover geother-
mal energy from HDR formations in anomalous geological
structures containing rock formations at a depth accessible
with drilled wells without incurring extraordinary drilling
costs. For the United States mainland for example, certain
regions 1n the west have rock formation temperatures
believed to be suitable for EGS projects to recover geothermal
energy from HDR at depths that can be reached with wells
drilled to a depth of approximately 20,000 feet. Some loca-
tions should encounter rock formations with suitable tem-
peratures at less than approximately 15,000 feet.

Anderson (1978) attempted to increase the overall effi-
ciency ol a geothermal power plant by segregating higher-
temperature wells that produce more steam into a high-tem-
perature gathering system and collecting lower-temperature
geothermal fluids 1n a separate gathering system. In the geo-
thermal electric power plant, the higher-temperature thermal
energy 1s transierred by heat exchange into a dual power-tluid
cycle, which improves the capability of the plant to efficiently
generate electric power. Unfortunately, sizable geothermal
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reservolrs that are suitable for the segregation process of
Anderson are generally rare, resulting 1n limited opportuni-
ties for the application of this process.

There have been methods described that very high tem-
perature aqueous solutions at supercritical conditions could
be used to enhance o1l recovery and to create synthetic geo-
thermal reservoirs 1n o1l fields. Specifically, Meksvanh et al.
(2006) describes a method for injecting a supercritical brine
into porous or permeable geologic structures (e.g., sedimen-
tary rock formations) for the purpose of enhancing o1l recov-
ery from o1l fields. The resulting synthetic reservoirs can
subsequently be used for thermal storage and electricity pro-
duction. The Meksvanh method i1s understood to use solar
concentrators to heat reservoir brine directly to temperatures
exceeding both the critical temperature and the critical pres-
sure of the brine, which should exceed the supercritical tem-
perature and pressure of water (374° C. and 22 MPa, or 705.4°
F. and 3204 psia).

There have also been attempts to use solar energy to “aug-
ment” geothermal energy by heating geothermal fluids after
they are produced from a reservoir. Rappoport (1978) used
heat-transfer fluids to collect geothermal heat from remote
wells, then uses solar collectors to replenish heat lost from
these streams in transit and to add heat to the heat-transter
fluid betore utilizing the heat in a centralized geothermal
power plant. There have been attempts to evaluate and
develop hybrid solar geothermal energy electric power gen-
eration systems. In these processes, the radiant energy from
solar concentrators 1s absorbed directly into the fluids that
contain the geothermal sourced heat and these fluids are used
for power generation.

Various types of solar thermal electric power generation
plants either already exist commercially or are in late devel-
opmental stages. These plants collect and concentrate solar
energy (energy contained 1n sunlight) and convert the solar
energy to thermal energy (heat). The thermal energy 1s then
used to generate electric power.

Even 1n geographic locations that enjoy substantial, strong
sunlight and relatively clear weather year-round, the available
sunlight 1s often not sufficient to generate enough electricity
to fully utilize, and maximize the economic investment in, a
solar thermal plant. For example, solar thermal plants that
lack thermal energy storage capabilities cannot generate elec-
tricity during nighttime or on overcast days. In addition, the
number of hours of daylight are defined and constrained by
season.

Some of these limitations can be overcome or lessened by
storing thermal energy produced when sunlight 1s suificient
and recovering it to generate electricity when sunlight 1s
unavailable or insuificient. The degree to which these limita-
tions can be overcome or lessened, and the degree to which
the overall utilization of the plant can be expanded, depend
primarily on the amount of thermal storage available to the
plant and the size of the solar energy collection field relative
to the plant’s electricity-generating capacity. Most of the
thermal storage approaches that have been commercialized to
date mvolve limited capacities that facilitate storage of ther-
mal energy suilicient to operate the generators for about four
to six hours. However, some studies suggest that 1t may be
possible to store thermal energy forup to about 16 hours. This
storage capacity allows a solar thermal plant to generate
clectricity into the late afternoon and evening hours or, at
most, overnight, following a day of sufficient sunlight. How-
ever, 1t generally does not allow a plant to store thermal
energy during a sunny season for electricity production dur-
ing a less sunny season or during successive overcast days, or
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to continue operation during successive overcast days even in
a season of normally strong sunlight.

Current methods of short-term thermal energy storage
(TES) typically include steam accumulators, pressurized hot-
water tanks, hot oil/rock storage vessels, solid media storage
(usually concrete or ceramics), and molten salt. These meth-
ods become costly when used to store more than a few hours
worth of the heat needed for medium-size or larger electric
power plants. In addition, none of these methods adequately
addresses long-term, seasonal storage needs.

Accordingly, it would be desirable to provide an improved
system and method for geothermal production that over-
comes the drawbacks and limitations of the known systems.

SUMMARY

Methods for injecting pressurized sub-critical fluids 1nto a
suitable rock formation to create an artificial geothermal
energy reservoir are provided according to various exemplary
embodiments. The artificial geothermal reservoir may con-
tain heated fluids 1n the temperature range of approximately
100 to 200 deg C. Generally the suitable rock formation shall
be either permeable or either have naturally occurring frac-
tures or could be artificially fractured or otherwise altered to
allow tlow of the 1njected fluids through the formation result-
ing 1n an accumulation of heated 1injected fluids. The injected
fluids could be sourced from supplies of water or brine, or
could use formation water produced from the target artificial
geothermal reservoir. In some embodiments the mjected flu-
1ds could be supplied from a geothermal hydrothermal reser-
voir, or could consist of spent brine from a geothermal power
plant. Any of these fluid sources could be further heated by a
process for recovering thermal energy from hot dry rock
formations, wherein the fluids circulate through a fractured
section of the formation and heat by contact with the hotrock.
Additional sources of heat for the artificial geothermal reser-
voir mitial preheat stage could include thermal energy
removed from a thermal power plant, thermal energy from
concentrated solar thermal collections systems, thermal
energy from waste heat including flue gases or exhaust gases,
or thermal energy from a thermal energy storage system.

Methods are also provided that further heat injected tluids
to higher temperatures in the range of 180 to 320 deg C. and
store thermal energy in the artificial geothermal reservoir
according to various exemplary embodiments. One embodi-
ment would remove thermal energy from a concentrated solar
thermal power plant and store the thermal energy 1n the arti-
ficial geothermal reservoir. Addition heat sources for thermal
energy storage may include thermal energy recovered from
hot dry rock formations, or the primary heat sources for the
thermal power plant. In such an embodiment, thermal energy
from the sources listed above could also be stored. The higher
temperature heated fluids would displace preheated fluids
from the artificial geothermal reservoir and would accumu-
late a significant store of thermal energy intended to be acces-
sible on either a daily basis, or on a seasonal basis.

Thermal energy can be recovered in the current methods by
producing the heated fluids from the artificial geothermal
reservolr and further utilized 1n a geothermal power plant to
generate electricity according to an exemplary embodiment.
Various zones 1n the artificial geothermal reservoir would
contain heated fluids at various enthalpies, and produced
fluids segregated by zone could provide multiple feeds to the
geothermal power plant. Once the artificial geothermal res-
ervoir has been established and preheated, methods for stor-
ing, recovering, and utilizing thermal energy from the artifi-
cial geothermal reservoir include the Geosolar Injection
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Methods that are described 1n U.S. patent application Ser. No.
12/562,080 titled “Methods and Systems for Electric Power

Generation Using Geothermal Field Enhancements™ and filed
on Sep. 17, 2009, the subject matter of which 1s incorporated
by reference herein 1n its entirety. Additional methods for
integrating thermal energy storage of solar thermal energy to
provide continual higher temperature thermal energy for uti-
lization 1n the geothermal power plant include Basic Geosolar
Methods that are described 1n U.S. Provisional Patent Appli-
cation No. 61/316,240 titled “Systems and Methods for Inte-
grating Concentrated Solar Thermal and Geothermal Power
Plants Using Multistage Thermal Energy Storage™ and filed
on Mar. 22, 2010, the subject matter of which 1s incorporated
by reference herein 1n 1ts entirety.

A method 1s also provided according to an exemplary
embodiment for creating an extended fractured section 1n hot
dry rock formations using a repetitive drilling and fracturing
process that could add considerable recoverable thermal
energy resource for use in the current methods. Thermal
energy recovered from the extended fractured section can be
used to heat the artificial geothermal reservoir, or can be
utilized 1n the geothermal power plant. Methods are included
that provide various 1njection and production well comple-
tion configurations to eificiently and effectively recover ther-
mal energy by circulating 1njected fluid through the extended
fractured section.

An engineered geothermal production system 1s also pro-
vided according to an exemplary embodiment, which
includes an underground reservoir having a naturally-occur-
ring formation tluid and an underground hot dry rock forma-
tion where a section has been artificially fractured. A source
of an 1njection fluid and at least one injection well and one
production well completed 1n the fractured section of the hot
dry rock formation are also provided. A pump circulates the
injection fluid through the hot dry rock formation to heat the
injection tluid. A pump and at least one injection well direct
the ijection fluid heated by the hot dry rock formation into
the underground reservoir to displace and preheat the forma-
tion fluid to a preheat temperature within a range of approxi-
mately 100-200° C. A heat exchanger recerves the preheated
formation fluid from at least one production well in the under-
ground reservoilr, and raises the enthalpy of the preheated
formation fluid by transferring heat from an external heat
source to the preheated formation fluid, and returns higher
enthalpy formation fluid to the underground reservoir to cre-
ate an artificial geothermal reservoir having a production flmid
hot zone with a temperature within a range of approximately
180-320° C. The production fluid hot zone of the artificial
geothermal reservoir 1s suilficient to provide a source of geo-
thermal energy to a geothermal power plant for generating
clectricity. This system has wide applicability 1n developing
concentrated solar thermal power projects and engineered
geothermal systems projects to recover geothermal energy
from hot dry rock resources.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block flow schematic diagram combined with a
schematic drawing illustrating an exemplary embodiment of
the invention showing the flow of fluids from a brine reservoir
through a separate fractured hot dry rock formation, then
through an external heater with the heated fluids 1injected 1nto
a hot zone 1n the brine reservoir, followed by eventual hot
fluids recovery and utilization in a geothermal power plant.

FI1G. 2 1s a block flow schematic diagram combined with a
schematic drawing illustrating an exemplary embodiment
wherein an artificial geothermal reservoir 1s created 1n a brine
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reservoir by circulating fluids to pre-heat the reservoir, then
circulating heated fluids to form a hot zone, and then 1njecting

higher temperature heated fluids to form a central hot zone.

FIG. 3 1s a block flow schematic diagram combined with a
schematic drawing illustrating an exemplary embodiment
wherein heated fluids are recovered from an artificial geother-
mal reservoir hot zone and central hot zone, and utilized 1n a
geothermal power plant.

FIG. 4 1s a block flow schematic diagram combined with a
schematic drawing illustrating an exemplary embodiment
wherein fluids are circulated through two fractured hot dry
rock zones, with one zone providing fluids to pre-heat the
artificial geothermal reservoir, and the other zone providing
hot tluids for utilization 1n a geothermal power plant.

FIG. 5 1s a block flow schematic diagram illustrating an
exemplary embodiment wherein thermal energy removed
from a two stage thermal power plant 1s used to heat injection
fluids to various temperatures for injection into the artificial
geothermal reservorr.

FIG. 6 1s a block tlow schematic diagram combined with a
schematic drawing illustrating an exemplary embodiment
wherein fluids are circulated through two fractured hot dry
rock zones, wherein each zone was repetitively re-drilled and
hydraulically fractured to form extended fractured sections.

FIG. 7 1s a block flow schematic diagram combined with a
schematic drawing illustrating an exemplary embodiment
wherein injection tluids are 1njected 1n the shallow portion of
an extended fractured section, with production well comple-
tion intervals located 1n the fractured section to collect tluids
to pre-heat an artificial geothermal reservoir and collect
heated fluids for utilization 1n a geothermal power plant.

FIG. 8 1s a schematic drawing 1llustrating various alterna-
tive embodiments wherein different injection and production
intervals are used to inject and produce tfluids from hot dry
rock zones.

DETAILED DESCRIPTION

One embodiment of the invention uses geothermal energy
recovered from a HDR geological zone using EGS methods,
with an additional boost from thermal energy removed from a
solar thermal power plant, to heat fluid injected into a shal-
lower brine reservoir to form an artificial geothermal reser-
volr. The heated fluids from the artificial geothermal reser-
volr, when utilized 1n a geothermal power plant, provides
clectrical generating capacity even during low solar 1nsola-
tion months. This set of methods described herein according
to the various embodiments effectively create a large reserve
of thermal energy originally associated with highly variable
and intermittent solar radiant energy, accessible on demand
over the course of the entire year. Seasonal storage of solar
derived thermal energy by the geosolar process represents a
breakthrough that no other existing storage system 1s believed
to provide. The methods also facilitates the utilization of
lower temperature HDR resources to provide a tlow of fluids
to flood and displace existing fluids 1n the reservoir chosen for
the artificial geothermal reservoir and thus pre-heat the res-
ervolr prior to storing higher temperature thermal energy.
This “HDR geosolar” electric power generation process
stands unique 1n recovering geothermal energy from HDR
formations and combining this energy with thermal energy
extracted from a power plant utilizing solar thermal energy,
and HDR geosolar should be useful in developing these
emerging renewable energy sources. HDR geosolar projects
should be attractive in high solar 1nsolation regions where
HDR resources suitable for EGS projects exist, such as
(among others) the southwestern United States.
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Another embodiment includes the construction and use of
a relatively shallow brine reservoir for solar derived thermal
energy storage for a concentrated solar power project (CSP
TES reservoir option). Again, the use of a naturally occurring
brine reservoir to store heated fluids allows the storage of
large quantities of thermal energy, thus facilitating seasonal
storage of solar derived thermal energy. Storing heated tluids,
particularly pressurized hot water, high pressure steam, or
pressurized hot brine, at temperatures that are suitable to feed
thermal power plants using Rankine or Kalina cycles gener-
ally requires pressures that exceed 20 bara (approximately
290 psia), and preferentially higher temperatures with corre-
sponding pressures exceeding 50 bara (approximately 725
psia). It 1s estimated that seasonal storage of solar heat from
the spring and peak summer for a moderately sized CSP
project, would generally need at least 80 to 100 million bar-
rels of heated aqueous liquids, and preferable larger volumes.
Seasonal storage of steam would need at least four million
barrels of water vaporized into high-pressure steam. Surface
storage of these heated fluids requires pressurized vessel stor-
age and 1s 1mpractical for these large volumes required for
seasonal storage. Brine reservoirs can typically hold over a
billion barrels of brine 1n the permeable formation. Storing,
80-100 muillion barrels of heated fluids, or even more, 1s
possible 1n a properly selected brine reservoir. The hot zone
volume of the stored heated fluids would utilize only a portion
of the brine reservoir volume.

Other embodiments could use surface supplies of water or
brine, or other brine reservoirs, to provide makeup water that
could be added to the artificial geothermal reservoir to supple-
ment the naturally occurring supply of brine. IT a naturally
occurring hydrothermal reservoir doesn’t contain sufficient
reserves ol brine, then heated fluids can be added to the
reservolr. Alternatively, 1f the temperature of the brine 1s
isuificient for a standalone geothermal field development,
then the connate tluids can be produced, heated using thermal
energy either from HDR sources or thermal energy removed
from a solar thermal power plant, and reinjected to increase
the enthalpy of the fluids 1n the reservoir. According to further
embodiments, all of the applications mentioned so far could
be utilized 1n a single project. All of these applications would
benefit from the availability of relatively low cost, relatively
lower temperature thermal energy; particularly thermal
energy provided by EGS projects tapping a large reserve of
HDR thermal reserves, especially where a portion of the
thermal reserves have temperatures lower than currently con-
sidered necessary for efficient utilization in a geothermal
power plant. All such embodiments are intended to be within
the scope of this disclosure.

In the exemplary methods of the present embodiments, a
relatively shallow permeable rock formation 1s selected to
create an artificial geothermal reservoir. Three stages are
described herein for developing an artificial geothermal res-
ervolr using geothermal heat recovered from HDR zones
augmented by an external heat source. The first stage uses the
HDR geothermal heat to preheat the selected hot zone by
circulating the HDR heated fluids through the artificial geo-
thermal reservoir. This process includes injecting the pre-
heated tluids into the hot zone. After some time the preheated
fluids will have moved through the permeable rock formation
or associated fractures in the reservoir and the convective heat
front associated with the preheated fluids will reach the pro-
duction wells on the periphery of the hot zone. Preheated
fluids will displace fluids in the reservoir permeable forma-
tions and break through into these production wells. The
second stage will involve using another heat source to begin
heating the 1njected fluids thus increasing the enthalpy of the
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fluids 1njected into the hot zone. Eventually the hot zone
accumulates significant volumes of the higher enthalpy fluids
as externally heated flmds displace preheated fluids. The
enthalpy of the fluids contained in the hot zone would be
suificient for utilization 1n a geothermal power plant. The
third stage 1nvolves using hot production wells in the hot zone
to produce the higher enthalpy fluids for utilization 1n a geo-
thermal power plant, with the spent fluids from the plant
recycled to the EGS 1njection wells.

The first stage of forming the artificial geothermal reser-
voir, the preheat stage, involves using thermal energy recov-
ered from an EGS process to preheat a zone in the targeted
permeable rock formation. In the EGS process, a fluid, typi-
cally pressurized water or brine 1s injected 1nto a fractured hot
dry rock formation that in this discussion will be refereed to as
an HDR zone. The injected fluids circulate through the frac-
tures 1n the HDR zone, absorbing thermal energy from the
rock formation. HDR zone production wells produce the
heated tfluids, completing the circulation. As appreciated by
those skilled 1n the art, there are many variations and configu-
rations for EGS methods designed to recover thermal energy
from HDR formations. Many of these methods would be
applicable for recovering HDR thermal energy for utilization
as described 1n the methods of the present embodiments.

In the methods of the present embodiments, the heated
fluids produced from at least one HDR zone using EGS pro-
cesses are 1njected into the target rock formation for the
artificial geothermal reservoir. The current methods produce
and transier thermal energy from the HDR zone and store the
recovered thermal energy in the artificial geothermal reser-
volr. Recovering thermal energy from HDR zones for use to
preheat an artificial geothermal reservoir requires tempera-
tures somewhat lower than needed for efficient and cost-
elfective direct utilization 1n a geothermal power plant. This
enables the use of alternative methods to recover lower tem-
perature thermal energy from a larger and more extensive
HDR zone. Additional methods for extending and expanding
the HDR heat recovery zones 1n an EGS project are discussed
in more detail later for the methods of other exemplary
embodiments.

Most EGS processes use aqueous fluids for mjection into
the HDR zone and thus require a source of injection water. I
the targeted shallow permeable rock formation for the artifi-
cial geothermal reservoir contains formation water, typically
brine, then this brine can be used for injection 1nto the HDR
zone. Otherwise a surface source of water or brine, or forma-
tion water or brine from a separate geologic reservoir 1s used
as a source of fluid for HDR 1njection. In the later heat
recovery third stage of the current methods, spent brine or
condensate water from the geothermal power plant can be
circulated and 1njected, thus recycling the fluid. But mnitially,
and to some degree over time, a source of fluids should be
available to 1nject into the HDR reservoir and to make up for
any lost circulation 1n the EGS process.

FIG. 1 shows an embodiment that illustrates the basic
process used during the preheat stage. The source of injection
fluud 100 are formation water production wells 1 on the
periphery of the targeted artificial geothermal reservoir zone
6. If the brine reservoir 1s part of an o1l and gas field or 1s a
geothermal field, associated gas or steam may flash from the
produced fluid lowering the hydrostatic heads in the produc-
tion wells, causing the wells to tlow to the surface driven by
the bottom hole pressure of the reservoir. If the production
wells will not flow on their own, artificial lift methods or
submersible pumps (not shown) may be used on the produc-
tion wells 1 and 10. The produced fluids are pumped by an
injection pump 22 and used to supply the EGS 1njection wells
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2. ITnon-condensable gases or steam flows are produced, then
the produced fluids will be processed using flash separators
(not shown) prior to the ijection pump 22.

After 1injection, the mjected fluids 101 flow through frac-
tures opened 1n the HDR zone 3 and are heated from contact
with the hot rock. The EGS production wells 4 produce the
heated tluids 102 which are pipelined to the artificial geother-
mal field injection wells 5. In the preheat stage, the brine
heater 7 1s bypassed and the preheated fluid 103 1s sent
directly to the mjection wells 5 which mject the EGS heated
fluids 1nto the preheat zone 6 of what eventually will become
the artificial geothermal reservoir. The preheated fluids dis-
place formation fluids, which migrate toward the production
wells 10 completed 1n the reservoir within zone 6 and toward
the fresh brine production wells 1. Although FIG. 1 shows one
injection well 3, one production well 10 completed 1n zone 6,
and one brine production well 1, most intended applications
would use numerous 1njection wells and production wells,
with the 1njection wells typically in the central area of the
artificial geothermal reservoir, and the production wells typi-
cally completed 1n the reservoir peripheral area surrounding
the injection wells. Eventually the preheated fluids will have
displaced natural occurring formation water and migrated to
the edges of the hot zone 6.

The injected EGS heated brine will displace cooler brine in
the brine reservoir similar to water floods 1n o1l fields. Expe-
rience with water tfloods and steam floods tend to show that
the 1njected fluids will travel through fractures and higher
permeability rock formations 1n the reservoir, bypassing por-
tions of the reservoir rock matrix and the fluids contained
therein. Although FIG. 1 shows a schematic representation of
a smooth preheat zone boundary 1n an oval shape for conve-
nience, an actual preheat fluid flooded zone may have an
irregular cross-section boundary zone, and an 1rregular area
extent (e.g. resembling an amoeba shape or other irregular
shape, rather than the symmetrical smooth and even boundary
flooded zone shown in the Figures accompanying this
Description). The actual shape of the flood front depends
upon the reservoir rock formations and properties thereof.

Although a non-uniform flood tends to cause problems 1n
water tloods and steam floods, this shouldn’t be a significant
problem with the current methods. The intention of injecting
the EGS heated brine 1s to accumulate a reserve store of
heated brine that will be recovered later. A uniform tlood
would tend to lose more heat to the formation rock, and take
longer to breakthrough to the nearest production wells, both
undesirable results. Conductive heat flows mto and from the
saturated rock matrix tend to be slow, whereas convective
heat tlows due to brine moving through the reservoir are
believed to be sigmificantly higher. The temperature of the
EGS heated brine after 1t breaks through to the nearest pro-
duction wells 1n a non-uniform flood and has been circulated
through the hot zone over a period of several years, will be
higher than the brine temperature at the same point 1n time 1n
a more uniform flood. After breakthrough, the temperature of
the brine from the production well should increase faster as
the portion of preheated fluid 1n the produced fluid increases.
Faster ramp 1n temperature at some of the production wells
also occurs because rock nearest the fractures and permeable
streaks 1n the formation heats up to injected preheated fluid
temperature, thus providing a hot conduit of fluid from the
injectors to the hot producers. Eventually the injected EGS
heated fluids will migrate from the imjection wells to the
production wells with only a minor drop 1n temperature. This
result 1s consistent with water flood and steam flood experi-
ence. In these cases, tloods that could take a long time (e.g.
about 30 years) to break through in a uniform flood actually
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break through in only several years. This effect 1s a key
enabler of the current methods, since the current methods
work better 1f the heated fluids migrate more quickly from the
injection wells to the production wells. According to a pre-
terred embodiment, the preheat thermal front breakthrough
would be sometime between six months and 24 months, and
this can be controlled to some extent by the 1injection rate and
injection pressure, mjection and production well completion
intervals, hydro-fracturing and other well treatments, and
well spacing.

When the preheat temperature front reaches the first pro-
duction wells, from water flood experience 1t 1s likely that less
than a quarter of the original formation fluids 1n the hot zone
have been displaced by the preheat fluids. To some extent, the
displacement of the original water 1n place can be controlled
by placement, fracturing and other formation treatments, and
completion techniques. As the temperature of the produced
fluids from one of the production wells increases, the well can
be shut-1n or converted and used as a preheat tluid 1njection
well. In most anticipated cases where the preheated hot zone
fluids are displaced, the injection of the preheat fluids would
continue until more than half of the original fluids 1n place
have been displaced by the preheat fluids. A significant frac-
tion of the injected preheat tluids will also have been cooled
by the rock formation and will have been produced in the
production well, therefore the volume of the 1njected preheat
fluads likely will approach or exceed the volume of the origi-
nal fluids 1n place, 1n the hot zone, before the preheat stage 1s
complete.

At the conclusion of the preheat stage, the temperature of
most of the fluids 1n the hot zone 6 will be higher than the
original formation water and the preheat fluid temperature
tront will have broken through to some production wells. But
the produced fluids from these wells will still be at tempera-
tures considered too low for effective utilization 1n a geother-
mal power plant.

When an artificial geothermal brine reservoir 1s established
in a brine reservoir, the reservoir brine temperature should be
in excess of about 150 deg C. (302 deg F.), and preferably
higher than about 180 deg C. (356 deg F.), to be most eflec-
tively utilized 1n a geothermal power plant. If the brine tem-
perature 1s less, the power plant tends to be rather inefficient,
with a thermal efficiency typically less than about 10%. The
preheat stage 1s used to raise the hot zone brine temperature to
a floor level of utility, but the temperature and enthalpy of the
fluids 1n the hot zone are increased further to provide a sig-
nificant source of stored thermal energy useful for feed to
geothermal power plants. Moving thermal energy from the
HDR thermal resource to the artificial geothermal reservoir
has some advantages, such as accumulating EGS heated brine
that can be tapped at higher peak power generation levels.
However, this 1s not as useful as accumulating and storing
large quantities of thermal energy, particularly from variable
and intermittent sources such as solar thermal energy. Pre-
heating the artificial geothermal reservoir uses the cost effec-
tive lower temperature EGS heated fluids to establish a
reserve of fluids with a floor level enthalpy, thus creating the
opportunity to add higher enthalpy fluids to the hot zone thus
storing large volumes of higher enthalpy aqueous fluids.

One embodiment of the current methods stores solar
derived thermal energy from a standalone CSP project 1n a
brine reservoir, forming an artificial geothermal reservoir. In
this embodiment, the preheat source of thermal energy will
likely be low pressure steam extracted from the low pressure
steam turbine 1n the CSP plant and used to heat the injected
fluids. In order to provide continuous preheat fluid injection,
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the thermal energy used for preheat can be stored in TES
modules 1nstalled as part of the CSP project.

The second stage 1s the hot zone formation stage, where
injecting higher enthalpy heated fluids forms a central hot
zone 9. After the injected preheat fluids 1n the hot zone break
through to some production wells 1 on the periphery of the
zone 1n the preheat stage, the temperature of the hot zone can
be further increased using an external heat source. FIG. 1
illustrates the method where EGS produced heated fluids are
turther heated by heat exchange 7 with hot fluids 106 from an
external heat source 8.

If the artificial geothermal reservoir 1s established in a brine
reservoir, the reservoir brine temperature should be raised to
over about 205 deg C. (402 deg F.) to store a significant
amount of thermal energy such that significant amounts of
clectricity can be generated when the brine 1s recovered. In
most itended applications, the heated brine mjected will be
over about 205 deg C., but less than about 280 deg C., but 1n
some zones the temperatures of the stored tfluids could range
from approximately 180 to 320 deg C. depending on overall
project design and optimization. When the recovered fluids
are utilized 1 a geothermal power plant, the thermal eifi-
ciency could reasonably range from about 12% up to about
25%, depending on the recovered fluid enthalpy and the
power plant design. To get higher efficiencies would likely
require that most of the injected fluids have temperatures over
280 deg C., which 1s unlikely to be the optimal economically.

The power generating capability from thermal energy
recovered from these brines, 1s expected to be 1n the same
range as the power generating capability of the thermal
energy that was used to heat the mjected brines, especially 1f
a binary fluid Rankine cycle or Kalina cycle geothermal
power plant 1s used. If the thermal energy was removed from
a thermal power plant, and used to heat the injected brine, the
loss 1n power generated due to removal of the thermal energy
will be approximately similar to power generated using the
recovered heated brine 1n a highly efficient geothermal plant
provided the tluids recovered have a composite enthalpy rela-
tively close to the mjected fluds composite enthalpy. Gener-
ally, 1t 1s believe that the loss 1n power generating capability
should be less than about 15%.

Although not shown 1n FIG. 1, in many cases the EGS
produced fluids will be pumped to raise the pressure before
the heat exchange 7 in order to prevent flashing in the
exchanger. There are a variety of pump, separator, and heat
exchange configurations that can be used with the current
methods to increase the pressure and heat the fluids for 1njec-
tion into the artificial geothermal reservoir hot zone. In one
embodiment, EGS produced brine 1s flash separated to
remove non-condensable gases, pumped to 40 bars (approxi-
mately 600 psia) and heated 1n a series of heat exchangers
using condensing steam with increasing pressures and tem-
peratures to heat the brine to over 230 deg C., then mjected
into the hot zone. The wellhead pressure of 40 bars, plus the
hydrostatic head 1n the injection well, should be suificient for
injection 1nto a brine reservoir with much higher bottom hole
pressures. Most brine containing rock formations have pres-
sures less than the equivalent water hydrostatic head at the
depth of the formation. Therefore a wellhead pressure of 40
bars should be more than suilicient to achieve a significant
injection rate, because as the fluid descends to the bottom hole
injection interval, the hydrostatic head of the column of the
fluid above the 1njection interval increases the pressure and
helps push the 1injected fluids mto the permeable rock forma-
tion and associated fractures. Reducing the injection pump
pressure 1s desirable, and methods to accomplish this are
discussed 1 the Geosolar Injection Methods that are
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described 1 U.S. patent application Ser. No. 12/562,080
titled “Methods and Systems for Electric Power Generation
Using Geothermal Field Enhancements™ and filed on Sep. 17,
2009, the subject matter of which 1s incorporated by reference
herein 1n 1ts entirety.

The heat source used to heat the mnjected brine and store
thermal energy, could be any heat source with a temperature
higher than the recovered EGS heated fluids. Some likely heat
sources according to exemplary embodiments include ther-
mal energy collected in a solar field, hot working fluids
extracted from a thermal power plant, thermal energy from a
variety of TES systems, and thermal energy from heat recov-
ery units on fuel fired heaters or gas turbines. In one possible
embodiment, hot gases from the exhaust of an Ericsson cycle
heat engine utilizing concentrated solar energy converted to
thermal energy, could be used directly or captured using a
HTF to heat the imjected fluids. Even more likely, thermal
energy contained in the hot exhaust gases from an Ericsson
cycle could be recovered 1n a heat recovery steam generator
(HRSG) similar to industry practice with Brayton cycle
exhaust gases. The superheated high-pressure steam would
feed a high-pressure steam turbine, and then steam can be
extracted from this turbine in the temperature range where 1t
1s useful to heat mjected fluids 1n the current methods (typi-
cally about 230 deg C. down to 180 deg C.).

The use of external heat sources, particularly thermal
energy removed from thermal power plants (such as a CSP
plant) to heat injected fluids to form a hot zone 1n a geother-
mal reservoir, 1s described further in U.S. patent application
Ser. No. 12/562,080 titled “Methods and Systems for Electric
Power Generation Using Geothermal Field Enhancements™
and filed on Sep. 17, 2009, the subject matter of which 1s
incorporated by reference herein 1n 1ts entirety. In the current
methods, at the conclusion of the preheat stage, an artificial
geothermal reservoir has been created, and similar or 1dent-
cal methods as those contained 1n U.S. patent application Ser.
No. 12/562,080 can be used to form a hot zone, and further,
recover and utilize heated tfluids from the hot zone 1n a geo-
thermal power plant. U.S. patent application Ser. No. 12/562,
080 also included methods discussing the reservoir develop-
ment plan, injection and production well operations including
reversing well tflows and managing heated fluids break-
through and reservoir phased development, which are incor-
porated by reference herein 1n their entirety. As used herein,
the methods described 1 U.S. patent application Ser. No.
12/562,080 (and incorporated by reference herein 1n their
entirety) will be referred to as “Geosolar Imjection Methods”.
Many of the methods included 1in Geosolar Injection Methods
can also be applied to the preheat stage in the current methods.

As shown 1n FIG. 1, the heated fluids are injected 1nto the
artificial geothermal reservoir 6 to form a hot zone 9. The
temperature 1n the hot zone will typically be higher by about
30to 80deg C. (58-144 deg F.) than the EGS recovered fluids.
For example, the heated fluids recovered from the EGS could
have a temperature of about 150 deg C. (302 deg F.), and this
recovered fluid 1s Turther heated to about 232 deg C. (450 deg
F.) before 1njection into the hot zone. Over time the injected
hot fluids will displace the preheated fluids in the artificial
geothermal reservoir and break through to the nearest pro-
duction wells 10. The fluids that break through to the artificial
geothermal reservoir production wells, could be recycled
back through heater 7 to pick up additional heat from the
external heat source, and then are re-injected. After a period
of time, a sizable hot zone is created. In this case, the hot zone
temperature would eventually exceed about 205 deg C. (402
deg F.). In some anticipated cases, the hot zone 9 should be
established within two years. The breakthrough time can be
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controlled by 1njection and production well spacing and rela-
tive well positioning, fracturing and well completion tech-
niques, and injection and production flow rates. This gives the
artificial geothermal field operator the capability to control
the injection and production rates, and consequently the abil-
ity to establish the hot zone within a reasonable timeframe.
Controlling the hot zone development 1s further described 1n
U.S. patent application Ser. No. 12/562,080 titled “Methods
and Systems for Electric Power Generation Using Geother-
mal Field Enhancements™ and filed on Sep. 17, 2009, the
subject matter of which 1s incorporated by reference herein in
its entirety.

After the hot zone 1s well established, which could take
several vears, the enthalpy of the injected fluids can be
increased further to begin forming a central hot zone. FIG. 2
shows a central hot zone 1njection well 15 mjecting higher
enthalpy fluid 1into the central hot zone 16. The enthalpy of the
central hot zone fluids could be considerably higher than
fluids elsewhere 1n the hot zone, and there 1s an advantage to
keep these fluids separate from the other hot zone fluids. FIG.
3 shows how this can be accomplished by reversing the cen-
tral hot zone 1njection wells 15. If the higher enthalpy fluids
injected into the central hot zone have migrated far enough
into the hot zone to reach the other hot zone injection wells 5
(FI1G. 2), these wells could also be reversed. But in most cases,
a continual 1njection capability provided by the hot injection
wells 5 1s desirable during certain seasons, and the central hot
zone may only expand to reach these wells during the peak of
seasonal storage. Theretfore the reversal of injection wells S 1s
likely to be a seasonal event. Likewise, the higher enthalpy
central hot zone fluids could reach the production wells 10
(FI1G. 3) that are 1n close fluid communication with the central
hot zone mjection wells 15, and these wells could produce
fluids primarily from the central hot zone. Injecting the higher
enthalpy fluids will cost more due to higher pressures
required to avoid flashing in the fluid heaters as well as the
added cost of higher temperature thermal energy used to heat
the injection fluids. The decision to form a central hot zone,
and store higher enthalpy fluids will likely be governed by
economic considerations.

The third stage 1s heat recovery stage, where the artificial
geothermal reservoir hot zone fluids are produced and uti-
lized 1n a geothermal power plant. FIG. 3 shows hot zone
fluids produced from the central hot zone production wells
10, with spent fluid circulated to flank injection wells 18 to
provide the necessary circulation to achieve high production
rates. The enthalpy of the produced fluids will depend on the
bottom hole temperature of the fluids 1n the production wells.
The production rate also depends to some degree on higher
bottom hole temperatures leading to increased flash steam
and lower hydrostatic heads 1n the production well bores.

The bottom hole temperature at the production wells can be
controlled to some extent by encouraging fluid communica-
tion between the mjection and production wells. In a perme-
able brine reservoir, most of the injected fluids should move
along fractures and through the higher permeability rock
formations, although higher temperature higher enthalpy
injected fluids will mix to some degree with the preheated
fluid 1n the hot zone as the preheated fluids are displaced. If
the production wells are drilled and completed to intercept
fractured zones and produce from the high permeability for-
mations, the higher enthalpy 1njected flmids will be a higher
fraction of the mixed enthalpy fluid produced and utilized 1n
the geothermal power plant. The production wells 10 need to
be drilled and completed to be in close communication with
the hot zone injection wells 5 (see FIG. 2). One method to
ensure this, mnvolves reversing some of the hot injection wells
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5, and use these wells as hot production wells 10, consistent
with seasonal storage and recovery needs as previously dis-
cussed. Fluid communication between the 1njection and pro-
duction wells can also be controlled by injection and produc-
tion well spacing and relative well positioning, fracturing and
well completion techniques, and injection and production
well flow rates.

When the current methods are used to form an artificial
geothermal reservoir in a brine reservoir, after a number of
injection/recovery cycles, the temperature drop from the
injection well to the closest production wells should be less
than about 25 deg F. For example, if hot brine 1s 1injected at
about 232 deg C. (450 deg F.), the brine could be recovered
from the closest production wells at bottom hole temperatures
over about 205 deg C. (402 deg F.) due to good fluid commu-
nication from the injection wells to the production wells, and
with only minor mixing with remaining preheat fluids 1n the
hot zone. A moderate temperature drop of about 25 deg C.
should result 1n less than about 15% loss 1n power generating
capability compared to the power generating capability of the
thermal energy used to heat the injected tluids. If the produced
fluids from the hot zone are utilized 1n a highly efficient binary
fluid organic Rankine cycle geothermal power plant, the loss
in power generating capability will be minimal, and an addi-
tional portion of the preheat thermal energy already present in
the fluids can be converted to electricity. The resulting ‘geo-
solar multiplier’ will be greater than unity, indicating that
more gross electricity 1s generated from the recovered fluids
than was foregone when the thermal energy was removed
from a thermal power plant to heat the injected fluids during
the storage phase. The geosolar multiplier higher than unity,
indicates that the thermal energy added during the preheat
stage, typically geothermal energy expected to come from
EGS projects, 1s partially converted to electricity 1n a suifi-
cient quantity to oflset loss in power generating capability
from the injection/recovery process. The geosolar multiplier
1s Turther defined and discussed U.S. patent application Ser.
No. 12/562,080 titled “Methods and Systems for Electric
Power Generation Using Geothermal Field Enhancements™
and filed on Sep. 17, 2009, the subject matter of which 1s
incorporated by reference herein 1n 1ts entirety.

Methods for recovering and utilizing fluids from a geother-
mal reservoir, integrated with thermal energy removed from
CSP plants utilizing higher temperature thermal energy from
concentrating solar thermal collection systems and addition-
ally integrating thermal energy supplied by cascade multi-
stage TES are described 1n U.S. Provisional Patent Applica-
tion No. 61/316,240 ftitled “Systems and Methods {for
Integrating Concentrated Solar Thermal and Geothermal
Power Plants Using Multistage Thermal Energy Storage” and
filed on Mar. 22, 2010, the subject matter of which 1s incor-
porated by reference herein in 1ts entirety. In the current
methods, once the hot zone has been established, and an
artificial geothermal reservoir has been created, then identical
methods as those contained 1n that patent application can be
used to recover and utilize heated fluids from the hot zone 1n
a geothermal power plant integrated with a CSP plant and
TES. As used herein, these methods will be referred to as
“Basic Geosolar Methods™.

An exemplary embodiment showing the basic method for
removing thermal energy from a two stage thermal power
plant (typically a CSP plant) 1s illustrated in FIG. 5. Hot
working tluids 106, 109, and 123 (typically steam bleeds) are
extracted from the high pressure turbine 8, the interstage and
the low pressure turbine 24 and used to heat imjected fluid
(typically brine) 1in the heat exchangers 7, 17, and 27. The low
temperature brine heater would located on the low pressure
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pump 22 discharge, while the higher temperature brine heat-
ers would be located on the discharge of the high pressure
pump 26. The various brine injection tflows and brine produc-
tion flows are shown 1n FIG. § that match up with the wells
shown 1n FIG. 1, FIG. 2, FIG. 3, and FIG. 4.

In some cases, the hot 1njection wells can be reversed to
produce hot fluids to feed the geothermal power plant. In this
case, the temperature of tluids from the central hot zone could
be high enough 1n temperature to constitute a separate higher
temperature feed stream to the geothermal power plant. FIG.
3 shows the central hot zone wells segregated from other hot
zone wells and fed separately to the geothermal power plant.
Segregating the hotter production wells 1n the artificial geo-
thermal reservoir and feeding the hotter fluids separately,
increases the thermal efficiency of the power plant.

In the embodiment where a brine reservoir 1s developed
into the artificial geothermal reservoir, and the depth of the
reservolr 1s less than about 2000 feet (610 m), then injecting,
high pressure steam into the central hot zone 1s a possible
option. Imjecting steam will deliver a large amount of thermal
energy into the reservoir. The steam injection wells can be
reversed, and used to produce the steam and hot brine heated
by the steam. O1lfield steamtlood experience tends to indicate
that the steam chest 1n the reservoir can last over about 30
days, so recovering a significant quantity of the injected
steam 1s likely.

The spent fluids from the geothermal power plant can be
used 1n the EGS project and injected into the HDR zones,
using the 1injection wells 2 as shown 1 FIG. 1. Alternatively,
the spent fluids can be injected 1nto the artificial geothermal
reservolr flanks using the spent brine imjection wells 18
shown 1n FIG. 3.

EGS methods currently being developed in the geothermal
industry typically recover thermal energy from a single frac-
tured HDR zone 1n a rock formation where the temperatures
exceed about 200 deg C. In some embodiments, the EGS
process in the current methods would use multiple HDR heat
recovery zones. Thermal energy recovered from moderate
temperature and lower temperatures zones can be used for
first stage preheat of the artificial geothermal reservoir, with
thermal energy from higher temperature zones used for rais-
ing the temperature of the central hot zone or providing teed
to the geothermal power plant. FIG. 4 shows multiple HDR
zones incorporated into a HDR geosolar project. Heated flu-
1ds for pre-heat are recovered from the shallow HDR zone 3,
and heated fluids for utilization in the geothermal power plant
are recovered from the deeper HDR zone 13.

The mmjected fluids comprise either of fluids from one of the
sources mentioned above, or spent brine from the geothermal
power plant. The mjection wells 2 mject these fluids 101 1nto
the upper HDR zone 3 and the fluids circulate through open
fractures inthe zone to a separate upper HDR zone production
well 4. The rock formation temperature in the upper HDR
zone could be as low as about 150 deg C. (302 deg F.), instead
of the 200+ deg C. temperature normally sought for a HDR
project. Injection wells 12 inject fluids 107 into the deeper
HDR zone 13 and recover the heated tluids 108 1n the pro-
duction wells 14 at temperatures high enough for utilization
in the geothermal power plant 11.

In one embodiment previously discussed, the artificial geo-
thermal reservoir 1s a brine reservoir, and the upper HDR zone
recovered fluids 102 are further heated by using thermal
energy extracted from a thermal solar power plant (see FIG. 4,
heat exchanger 7), with the heated fluids 103 1njected to form
a hot zone 1n the artificial geothermal reservoir. The tempera-
ture desired 1n the hot zone will typically be higher by about
30 to 100 deg C. than upper HDR zone recovered fluids. For
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example, the temperature of the HDR recovered fluids may be
only about 150 deg C. (302 deg F.), and this recovered tluid

should be further heated to about 230 deg C. (446 deg F.)
before injection into the hot zone; in this typical example
about 80 deg C. of additional heating 1s desired.

The current methods have the ability to utilize heat from
lower temperature HDR formations than currently thought
necessary. These methods add thermal energy to the recov-
ered thermal energy from EGS process, and store the energy
in the artificial geothermal reservoir for use when needed.
Typical EGS projects entail drilling wells to a depth where
suificiently high temperature HDR formations exist. Utiliz-
ing lower temperature thermal energy generally allows shal-
lower well depths, which reduces drilling costs.

Alternatively, a larger cross section of the HDR formations
can be tapped. Utilizing thermal energy from the lower tem-
perature HDR formations opens up additional options for
drilling, fracturing, and completing the EGS wells. Hydrau-
lically fracturing HDR formations seems to open up previ-
ously sealed fractures, generally in the vertical direction.
Establishing communication between the 1njection well and
production wells appears to be easier 11 the well completion
intervals intercept these vertical fractures. Additional drilling
and completion strategies can recover additional HDR ther-
mal energy from the lower temperature formations and the
EGS well development plan can use additional shallow wells
to tap these formations. These considerations encourage the
use of multiple HDR heat recovery zones in the current meth-
ods.

Until commercially proven, EGS has certain risk factors,
including HDR formation temperatures less than 1deal, high
costs associated with drilling into HDR at deep well depths
(as compared to geothermal field wells and the large majority
of existing o1l and gas wells), ability to open and extend rock
fractures in HDR formations, the ability to drill and complete
the EGS production wells to intercept rock fractures that
communicate with the injection wells, and lost imjected fluid
during the HDR zone circulation. One success factor for EGS
projects 1s the recoverable thermal energy reserves per EGS
well.

The methods of the exemplary embodiments described
herein are intended to reduce these risks. The methods further
heat the HDR heated fluids using thermal energy from an
external heat source, so EGS injected fluids recovered at
lower temperatures than i1deal can be compensated by the
additional heating. The recovered fluid will be heated to a
temperature where it can be utilized 1n a geothermal power
plant. The lower temperature HDR zones targeted by the EGS
process 1n the current methods are more likely to be at shal-
lower depths where drilling costs and risks are lower. Open-
ing fractures and keeping them open at the lower formation
pressures at shallower depths should be easier than 1n deeper
wells targeted 1n most EGS projects. The required injection
pressures are lower for shallow wells, and higher circulation
rates may be possible, due to lower pressures and the ability to
utilize lower temperature tluids. Fluids can be circulated
through the HDR fractures at higher flow rates, with a lower
approach temperature to the hot rock temperature to increase
the heat recovery rate. It 1s believed that the higher circulation
rate more than compensates for the lower approach tempera-
ture.

Another constraint for an eflective EGS process 1s the loss
of circulation fluid. Losses of over 10% are common 1n 1nitial
EGS tests. Current assessments indicate that circulation
losses should drop off after the EGS project operates over
hundreds of circulation cycles. The loss of circulated fluid
will likely accumulate to significant volumes of fluid before

il
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the losses stabilize. At this time, 1t 1s believed that there 1sn’t
enough industry experience to indicate that this assumption 1s
valid. Since the current methods can use brine from very large
brine reservoirs, the loss of this fluid 1s not as large a problem.
For example, the accumulated fluid losses 1n the HDR zone
could exceed a hundred million barrels, before there 1s a large
impact on a brine reservoir containing several billion barrels.

The artificial geothermal reservoir can be developed with
different well development plans, and different operating
methods. Injecting higher enthalpy fluids to form a central hot
zone that can be separately produced and utilized can enhance
the 1nitial hot zone. The embodiment using a brine reservoir
could be developed with multiple hot zones 1n difierent areas
of the original reservoir, where circulating heated brine 1n
cach hot zone can be used to gradually raise the temperature.
Some hot zones could be used for steam 1njection. A deeper
brine reservoir could be used for hot brine accumulation 1n a
hot zone, while a shallower reservoir could be heated until
eventually injected steam forms a steam chest, such that the
stecam can be produced and used as a separate feed to the
geothermal power plant. The methods of the various embodi-
ments described herein enable and include these various alter-
native hot zone configurations and multiple reservoir options.

Once a significant reserve of thermal energy 1s accumu-
lated 1n one of the artificial geothermal reservoir hot zones,
the zone could be produced, cooling the hot zone due to an
influx of replacement fluids from injection wells or from
surrounding fluid saturated reservoir rock formations. Once
the zone 1s cooled significantly, the preheat stage can start
again, using heated fluids from the EGS project.

When a CSP project provides an intermittent and variable
external heat source to an HDR geosolar project, extending
the CSP plant operation and continuously heating EGS pro-
duction tluids for injection 1nto the artificial geothermal plant,
requires TES systems. There are many configurations of solar
collection systems integrated with TES systems to supply
CSP plants and geothermal power plants. Methods for inte-
grating TES with a CSP plant utilizing solar thermal energy
from hybrid solar collections systems and supplying supple-
mental thermal energy to a geothermal power plant are
described 1n U.S. Provisional Patent Application No. 61/316,
240 titled “Systems and Methods for Integrating Concen-
trated Solar Thermal and Geothermal Power Plants Using
Multistage Thermal Energy Storage™ and filed on Mar. 22,
2010, the subject matter of which 1s incorporated by reference
herein 1n 1ts entirety (and referred to herein as the “Basic
Geosolar Methods.” Basic Geosolar Methods also cover seg-
regated separate thermal feeds, combined cycle plant options,
TES 1ntegration options, and condensate water recovery.

Methods for using TES to store thermal energy on a daily
cycle, and methods using TES and thermal energy removed
from a solar thermal power plant to heat injected fluds to
form hot zones 1n geosolar geothermal reservoirs are
described 1n the Geosolar Injection Methods referenced
above and described 1n U.S. patent application Ser. No.
12/562,080 titled “Methods and Systems for Electric Power
Generation Using Geothermal Field Enhancements™ and filed
on Sep. 17, 2009, the subject matter of which 1s incorporated
by reference herein in 1ts entirety. For the HDR Geosolar
process, the same methods for utilizing TES 1n the geosolar
injection process can be used. The produced fluids recovered
from an EGS process replaces the fresh brine from a naturally
occurring geothermal field, but methods for processing the
fluids, pumping and heating the produced tluids and 1njecting
the heated fluids to form the hot zone in the geothermal
reservolr are substantially identical for the important meth-
ods.

10

15

20

25

30

35

40

45

50

55

60

65

18

In the methods of the exemplary embodiments described
herein, the geothermal power plant design and operation
could be quite different than most existing geothermal power
plants. A combined cycle geothermal plant would probably
be used to recover and utilize the thermal energy added to the
fluids 1n the artificial geothermal reservoir hot zone. One
possible configuration would use a steam Rankine cycle for
the top cycle, with the bottom cycle a binary fluid Rankine
cycle 1 order to extract additional thermal energy from the
circulated brine. A Kalina cycle could be an attractive option
for most efficiently utilizing the recovered thermal energy.

Combined cycle power plants facilitate the use of segre-
gated heated fluids with different enthalpies or at different
temperatures. This 1s particularly usetul for HDR geosolar
applications.

One likely embodiment of a combined power cycle using
separate thermal feeds, would use higher temperature thermal
energy recovered from TES to provide boiler, superheat, or
reheat to the top cycle 1n the geothermal plant. The added
higher temperature heat would be converted to electricity at a
higher thermal efficiencies 1f used in to boost power cycle
working fluid temperatures, compared to providing a sole
source of thermal energy to a power plant.

When the geothermal power plant uses a combined cycle
with the top Rankine cycle steam working fluid condensed
using working fluid from the bottom binary tfluid Rankine
cycle or a Kalina cycle, then the condensed steam can recov-
ered and utilized. This condensate water could be used for wet
cooling for the solar thermal power plant.

The methods discussed m Basic Geosolar Methods refer-
enced above that are described in U.S. Provisional Patent
Application No. 61/316,240 titled “Systems and Methods for
Integrating Concentrated Solar Thermal and Geothermal
Power Plants Using Multistage Thermal Energy Storage” and
filed on Mar. 22, 2010, the subject matter of which 1s incor-
porated by reference herein 1n its entirety, are intended to
cover these various geothermal power plant options, designs,
configurations, and operations that would be applicable to the
current methods.

In an HDR geosolar process, the solar fields will provide
solar thermal energy intermittently and with significant vari-
ability. TES can keep the solar thermal power plant operating
during supply interruptions of ranging from less than one
hour to longer time periods of 16 hours, depending onthe TES
capacity. TES can also provide thermal energy for the brine
heaters during short low solar energy periods during the day.
And TES can provide thermal energy for utilization in the
geothermal power plant as discussed above. Although 1nte-
grating TES mto a HDR geosolar process will increase the
ability to operate some of the systems continuously, there
may still by cycle variations.

During the preheat stage, the heated fluids recovered from
the EGS project can be continuously 1njected into the artifi-
cial geothermal reservoir. When the EGS heated fluids are
recovered and further heated for ijection into the hot zone
using intermittent and variable thermal energy source, such as
thermal energy extracted from a CSP plant, then there 1s a
higher demand for EGS heated fluids during the daytime high
insolation periods. One solution to address this variable
demand and keep the EGS production at a steady rate, 1s to
shift injection between the preheat zone and the hot zone.

Another solution would be to reduce EGS heated fluid
production rates during the night, while maintaining EGS
injection rates, and then later during daytime periods, increas-
ing the EGS production to a higher rate than the 1njection rate
to draw down accumulated fluids from the fractured HDR
formation. HDR formations typically exhibit enough elastic-
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ity to facilitate this cycling. The fresh brine production rate
from the artificial geothermal brine reservoir can be main-
tained at a steady rate to keep EGS injection steady, while
brine injection into the artificial geothermal reservoir 1s
increased during the daytime, and shifted between preheat
zone 1njection and hot zone injection as the brine heater heat
supply varies. This results 1n a daily cycle 1n EGS production
coupled with higher daytime hot zone injection rates.
Although these rates can be varied extensively, well and brine
heater operation improves 1f a continuous EGS production/
and heated brine injection 1s maintained without a complete
stoppage or shutdown. The use of TES to supply around the
clock thermal energy to maintain minimum heated brine
injection flows 1s preferred.

A HDR geosolar project may experience a seasonal cycle.
The artificial geothermal reservoir hot zone will likely vary
seasonally. During the Northern Hemisphere location spring
months of March, April, and May, a large pool of heated brine
will typically be accumulated as insolation increases while
demand and pricing for electric power lags. In the summer
months of June and July, peak demands for electricity will use
the high insolation available, with only limited drawdown of
stored energy 1n the artificial geothermal reservoir. During the
late summer months of August through September should see
a drawdown of hot fluids from the artificial geothermal res-
ervoir, with the drawdown continuing through the fall and
winter. This annual seasonal cycle to respond to varnations in
solar energy supply and electricity demands 1s a key advan-
tage of the HDR geosolar process.

When the artificial geothermal reservoir hot zone has been
repeatedly cycled, the rock formation 1n the central zone will
have heated up significantly. The reservoir rock formation
temperature will rise until 1t approaches an average tempera-
ture between the preheat temperature and the highest hot zone
temperature reached. It 1s believed that this will take more
than five years or longer, depending on the uniformity of the
fluid flood during heated flmd injection, which 1n turn
depends on the formation permeability, natural and artificial
fracturing, and heated fluid residence time 1n the hot zone. If
the high temperature heated fluid occupies the hot zone for an
average time of si1x months prior to recovery each year, this
will heat the hot zone more quickly than a residence time of
only three months. If some stored thermal energy 1s stored
year over year, the hot zone should heat up even more quickly.

The naturally occurring brine 1n the targeted artificial geo-
thermal reservoir 1s the most likely fluid circulated, both

through the EGS process and through the artificial geother-
mal reservoir. However, other fluids could be suitable for
either process.

EGS processes under development are considering a num-
ber of different flmds from different sources. The current
methods 1ncrease the possibility of using alternatives for the
injected EGS fluids. There are likely some incentives to con-
trol the salinity and mineral content of the EGS mjected
fluids. It a combined cycle geothermal power plant 1s used as
discussed 1n some of the current methods, the low salinity low
mineral content condensate water from the steam cycle can be
removed from the power plant and used to dilute the EGS
injected brine. Lower salinity brines can be recovered from
other naturally occurring brine reservoirs and used as all or
part of the EGS 1njected brine. I available, fresh water or
wastewater sources may be used for makeup water. Some
prior methods contemplate using a non-aqueous fluid for
EGS imjected fluid, such as supercritical carbon dioxide or an
organic hydrocarbon fluid. These flmds could be used to
recover thermal energy from the HDR zones 1n an EGS pro-
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cess, followed by using heat exchangers to heat the fluds
circulated through the artificial geothermal reservoir in the
current methods.

There are also likely 1incentives to control the salinity and
mineral content of brine injected into the hot zone of the
artificial geothermal reservoir. The low salimity low mineral
content condensate water from a combined cycle geothermal
power plant steam cycle can be removed from the power plant
and used to dilute the EGS 1njected brine. Alternatively, the
condensate can be heated and injected directly into some of
the hot zone, or the condensate, or some other source of water,
can be used 1n a steam generator to generate high pressure
steam for 1njection 1into the hot zone. Steam 1njection could be
used to develop a steam cap 1n the reservorr.

Establishing communication between the EGS injection
wells and production wells appears to be easier 11 the well
completion intervals mtercept open vertical fractures. FIG. 8
shows some relatively simple configurations for vertical cir-
culation in HDR zones involving multiple injection and pro-
duction wells. One configuration (8D zone 3) involves drill-
ing to the depth where the HDR formation 1s at a temperature
high enough to recover thermal energy suitable for geother-
mal power plant operation directly. The well 1s fractured
extensively, opening up sealed fractures in the formation.
Another well 1s drilled to a shallower depth, and also fractured
such that the opened vertical fractures of the first well are
intercepted. There are several options to complete the EGS
production well pairing. The shallow well would become the
HDR heated brine producer, and the deeper well the brine
injector as shown in 8D zone 3. In this configuration the
heated brine produced would be suitable for preheating the
artificial geothermal reservoir, but probably won’t produce
brine hot enough for directly feeding the geothermal plant.
Drilling another production well into the HDR zone beneath
the mjection zone, and fracturing this well to intercept the
injection well fractures could further develop this configura-
tion (8H). The mjected fluids would tlood both the upper
HDR zone 3 to produce preheat tluids, and the deeper HDR
zone 13 to provide higher temperature fluids for either utili-
zation in the geothermal power, or injection into the central
hot zone of the artificial geothermal reservorr.

Another configuration (81) would inject fluid into the shal-
low well, and recover heated fluids from the deeper zones. If
the temperature gradient of the fractured HDR zone 1s sig-
nificant, then this configuration could be attractive. In order to
use multiple well configurations as shown 1 FIG. 8 1t 1s
believed that a significant section of fractured HDR formation
would be required.

Because of the ability to use lower temperature recovered
thermal energy and reduced concerns about fluid losses, more
extensive HDR {fracturing methods appear feasible. One
method according to an exemplary embodiment (illustrated
in FIG. 6 and FIG. 7) would greatly increase the section of
fractured rock volume per EGS production well. This method
starts with drilling a conventional injection wellbore to the
top of the HDR zone. Then the well 1s deviated and slant
drilled into the top of the HDR zone using a smaller diameter
drill bit, resulting in a borehole often called a “slimhole” 1n
the drilling industry. The slimhole portion of the borehole 1s
not completed, but simply fractured using high pressure water
pumps to open fractures in the top of the HDR zone. The
purpose of the slimhole portion 1s to deliver the high pressure
fracturing fluids 1nto the rock formation. After opening these
fractures, the well 1s sidetracked and drilled to a slightly
deeper depth, with the first slimhole section abandoned. Then
anew slimhole 1s drilled to a deeper depth into the HDR zone,
The second slimhole portion 1s fractured such that these frac-
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tures intercept the first slimhole fractures. This process can be
repeated several times until a large vertical section of the
HDR zone has been penetrated by fractures (see FIG. 7). The
fractured rock column could extend 1n a vertical cross-section
of HDR zone of approximately 1500 to 3000 m (approxi-
mately 5000 to 10000 feet). Then the well 1s finally drilled to
the total completion depth, and completed as the tluid 1njec-
tion well. A second well 15 drilled to penetrate the top portion
of the fractured rock column, and fractured and completed as
the production well. This method opens a large volume of hot
rock exposed to the injected fluid for heat recovery. The
estimated thermal energy reserves per EGS well should be
higher since alarger volume of hot rock 1s accessible using the
method.

In EGS processes, generally conductive heat transier
through the HDR rock matrix limits the thermal energy recov-
ery rate over the lifetime of the EGS project. Increasing the
number of fractures, the fracture lengths and the volume of
rock adjacent to the fracture network, increases the long term
recovery rate of thermal energy from HDR resources.

There are other configurations for drilling and fracturing
HDR formations made possible by the ability to 1nject large
amounts of fluid and the ability to utilize lower temperature
thermal energy. FIG. 8 1llustrates some simple configurations.
More complex configurations of sections of fractured HDR
zones could be constructed, using various vertical, horizontal,
and slant drilled and fractured sections.

One potential use of the current methods, involves integrat-
ing an HDR geosolar project with a geosolar project using a
naturally occurring geothermal reservoir as the targeted res-
ervoir for heated fluid injection. Methods for enhancing an
existing geothermal reservoir are described 1mn U.S. patent
application Ser. No. 12/562,080 titled “Methods and Systems
for Electric Power Generation Using Geothermal Field
Enhancements” and filed on Sep. 17, 2009, the subject matter
of which 1s incorporated by reference herein 1n 1ts entirety.
The geosolar process using a geothermal reservoir can be
incorporated mnto an HDR geosolar process. The fluids recov-
ered from the natural geothermal reservoir don’t require pre-
heating and carry recovered geothermal energy and are fur-
ther heated for injection into the reservoir hot zone.
Additionally, geothermal heat recovered in the EGS project s
used to heat fluids from lower temperature sources prior to
turther heating and 1njection 1nto the geothermal reservoir hot
zone.

The source of fluids 1njected 1n the HDR zones 1in the EGS
process can be sourced from lower temperature brine produc-
tion wells 1n a geothermal field. Alternatively, the spent brine
or steam condensate recovered from an existing geothermal
plant can be used as the injection fluid 1n the EGS process
portion of an HDR geosolar process. After injecting the spent
brine from the geothermal plant, the heated brine can be
recovered, heated further 1n the brine heaters, and mjected
into the hot zone of the geothermal reservoir. In this method,
thermal energy 1s recovered from the HDR resource and
added to the geothermal hydrothermal resource, while at the
same time boosting the enthalpy of the hot zone fluids using
thermal energy from an external source, such as thermal
energy converted and derived from a solar energy source.

The deeper rock formations below a naturally occurring
geothermal reservoir are believed to be a likely source of
recoverable geothermal energy.

In one variation of the methods of the exemplary embodi-
ments described herein, the rock formations near the deepest
hydrothermal zones could be drilled and fractured to open
fractures that penetrate up into the hydrothermal zone. The
well would be completed deep 1n the fractured zone and used
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to 1nject fluids that recover thermal energy from the HDR
zone betore the fluids migrate up 1nto the hydrothermal zone.
This method would result 1n a faster circulation of spent brine
from a geothermal plant when the spent brine 1s the injected
into the HDR zone. The faster circulation of the spent brine
should 1ncrease the total geothermal field production rate.
This method increases the geothermal energy extraction rate
since the thermal energy recovered from the HDR zone 1s
additive to thermal energy recovered from the hydrothermal
zone.

If the HDR zone is repeatedly fractured using re-drilled
boreholes as discussed above, then 1t 1s possible that a fairly
large column of rock containing open fractures would exist.
The top of this fractured zone could extend into the hydro-
thermal zone. In this case the fluid injection well would be
completed near the bottom of the fractured zone, and the fluid
injected would migrate upward. A production well could be
completed 1n the top part of the fractured zone, or in close
proximity 1n the hydrothermal zone to draw not only the
injected fluid, but fluid from the hydrothermal zone as well.
As appreciated by those skilled in the art, there could be
different and more complex configurations for arranging sev-
eral 1jection wells and production wells to tap the HDR
fractured zones and different alternatives in situating the
completion intervals 1n the various wells.

One embodiment of the current methods 1s particularly
applicable. O1l and gas fields located 1n high solar insolation
regions located above HDR geothermal resources can be used
to form the artificial geothermal reservoir. Typically o1l fields
are underlain by brine saturated rock formations. Existing
wells could be deepened and completed as injection and
production wells used to form hot zones 1n these formations
and create an artificial geothermal reservoir. It the oilfield 1s
nearly depleted, the concerns about interfering with o1l pro-
duction could be mitigated.

The SAGE process discussed in Meksvanh et. al. uses solar
thermal energy to directly heat brine to supercritical condi-
tions and inject the supercritical brine mto an o1l field for
enhanced o1l recovery. The Meksvanh process would eventu-
ally create an artificial geothermal reservoir, but without the
use of geothermal energy to heat the targeted 1njection zones
in the o1l field. The methods of the embodiments described
herein would use geothermal energy to preheat an o1l field
brine formation, followed by 1njecting subcritical fluids such
as brine, pressurized hot water, or steam to increase the res-
ervolr temperature and forming an artificial geothermal res-
ervoir. The geothermal energy source 1s an element 1n heating
the artificial geothermal reservoir.

HDR geosolar projects can be implemented in phases. The
methods for the first phase are described 1n the Basic Geosolar
Methods of in U.S. Provisional Patent Application No.
61/316,240 titled “Systems and Methods for Integrating Con-
centrated Solar Thermal and Geothermal Power Plants Using
Multistage Thermal Energy Storage™ and filed on Mar. 22,
2010, the subject matter of which 1s incorporated by reference
herein 1n 1ts entirety, with the key difference that in the meth-
ods of the embodiments described herein, an EGS project 1s
developed 1n the first implementation stage.

A suitable demonstration project would develop an EGS
project to tap HDR resource near or below an existing geo-
thermal field, and use thermal energy from solar fields (in-
stalled to eventually develop into a CSP project) to boost the
EGS heated fluids for use 1n the existing geothermal power
plant. The use of TES to extend the availability of the thermal
energy to non-insolation time periods, 1s an integral part of
this first project phase. The second phase 1n the development
would be to begin 1njecting the heat boosted EGS fluids 1nto
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a suitable hot zone designated in the artificial geothermal
reservolr. The brine formation selected for the artificial geo-
thermal reservoir can either be on the periphery of the existing
geothermal field, or alternatively, the existing geothermal
reservolr could be targeted for the hot zone. The third phase
would involve the installation of the CSP plant, coupled with
raising the temperature of the heat transter tluids transferring,
thermal energy from the solar fields, expanding the TES and
increasing the operating temperature of the TES modules to
provide extended hours of operation for the CSP plant, and
continuing heated fluid mjection. In this third phase, the flmd
heaters (example: brine heaters) would now be using thermal
energy extracted from the CSP plant or moderate temperature
TES. The final development phase would involve recovery of
heated fluids from the hot zone, and could include adding
additional geothermal power plant capacity, particularly a
combined cycle geothermal power plant utilizing a steam
Rankine cycle with a binary fluid organic Rankine cycle. This
plant could then recover some steam condensate that can be
used for several purposes, including heating the condensate to
provide hot zone mjection fluids, or alternatively, or addition-
ally, to provide a source of wet cooling for the CSP plant.

In a stmilar manner, an HDR geosolar project could involve
phased development near an existing coal or natural gas
tueled power plant, if a suitable HDR resource exists nearby
that can be recovered in an EGS project. In this embodiment,
the recovered EGS thermal energy could be used for preheat
ol the existing power plant working fluids, and the solar fields
could provide higher temperature preheat. The first develop-
ment phase would 1nclude the same activities as discussed
above, with the addition of starting the mnjection of heated
fluids to begin preheating the artificial geothermal reservorr.
The second development phase would include heating the
EGS heated fluids further using thermal energy either from
solar fields or extracted from the existing power plant. The
third development phase would include the startup of the CSP
power plant as discussed above and 1n this embodiment 1t 1s
likely some design modified geothermal power plant would
also be mstalled and started. The CSP and geothermal power
plants could share a common bottom power cycle.

At a greenfield site, an HDR geosolar project would likely
begin with an EGS project and installation and startup of an
accompanying geothermal power plant. The sequence adding
the other processes would follow a similar development path-
way as described 1n the phased demonstration project devel-
opment described above.

It 1s also 1mportant to note that the construction and
arrangement of the elements of the geothermal production
system and methods as shown schematically in the embodi-
ments 1s 1llustrative only. Although only a few embodiments
have been described 1n detail 1n this disclosure, those skilled
in the art who review this disclosure will readily appreciate
that many modifications are possible without materially
departing from the novel teachings and advantages of the
subject matter recited.

Accordingly, all such modifications are intended to be
included within the scope of the present invention. Other
substitutions, modifications, changes and omissions may be
made 1n the design, operating conditions and arrangement of
the preferred and other exemplary embodiments without
departing from the spirt of the present invention.

Unless otherwise indicated, all numbers used 1n the speci-
fication and claims are to be understood as being modified 1n
all mnstances by the term “about.” Accordingly, unless indi-
cated to the contrary, the numerical parameters set forth in the
tollowing specification and attached claims are approxima-
tions that may vary depending at least upon the specific ana-
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lytical technique, the applicable embodiment, or other varia-
tion according to the particular details of an application.
The order or sequence of any process or method steps may
be varied or re-sequenced according to alternative embodi-
ments. In the claims, any means-plus-function clause 1s
intended to cover the structures described herein as performs-
ing the recited function and not only structural equivalents but
also equivalent structures. Other substitutions, modifications,
changes and omissions may be made in the design, operating
configuration and arrangement of the preferred and other
exemplary embodiments without departing from the spirit of
the present invention as expressed in the appended claims.

What 1s claimed 1s:

1. A method of storing thermal energy comprising;:

pre-heating pressurized sub-critical fluids using geother-
mal heat sources; and

injecting the pre-heated pressurized sub-critical fluids into

a rock formation to create a pre-heated artificial geother-

mal reservoir containing the pre-heated fluids 1n a tem-

perature range of 100 to 200 degrees C.;
wherein the rock formation either 1s permeable, or 1s rela-

tively impermeable but either has natural fractures or 1s

artificially fractured to allow the pre-heated fluids to
flow through the rock formation to displace fluids in the
fractures, resulting 1n an accumulation of the pre-heated
injected fluids; and
wherein the pre-heated fluids are heated by geothermal
heat sources comprising geothermal energy recovered
from geothermal hot dry rock formations, or a geother-
mal brine removed from a geothermal power plant.

2. The method of claim 1, wherein the pre-heated fluids are
supplied from at least one of a surface source of water or brine
selected from the group consisting of: naturally occurring
bodies of water including seawater; processed water includ-
ing partially desalinated seawater; wastewater from indus-
trial, mining, or o1l and gas production facilities; and waste-
water from sewage treatment facilities.

3. The method of claim 1, wherein the rock formation 1s in
a naturally occurring aquifer or brine reservoir, and has for-
mation fluids present and contains aqueous tluids such as
water or brine, the method further comprising:

producing the formation flmds from one or more produc-

tion wells,

heating the formation fluids,

re-mnjecting the heated formation fluids into the reservoir

using injection wells, and

circulating the heated formation tluids to accumulate ther-

mal energy in the reservorr.

4. The method of claim 1, further comprising:

producing fluids from a subsurface source of water or brine

in a separate rock formation, including naturally occur-
ring aquifers and brine reservoirs, and

heating the fluids for injection 1nto the artificial geothermal

reservolr rock formation.

5. The method of claim 1, wherein the pre-heated fluids are
heated fluids recovered from a power plant operation in the
form of at least one of pressurized hot water, pressurized
brine, and steam, such that the injected pre-heated fluids have
a pressure sullicient to inject and penetrate into the rock
formation to create the pre-heated artificial geothermal res-
Crvolr.

6. The method of claim 5, wherein the pre-heated fluids are
heated by pressurized brine from a geothermal power plant
pumped to a pressure suificient for injection, the method
turther comprising:
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using the pressurized brine to preheat the artificial geother-
mal reservoir rock formation, prior to injecting a higher-
temperature heated fluid.

7. The method of claim 1, wherein the pre-heated fluids are
heated by a process for recovering thermal energy from hot
dry rock formations comprising;:

injecting tluids 1into a hot dry rock formation that has been

hydraulically fractured to open sealed fractures or create
new fractures 1n the hot dry rock formation;

circulating the fluids through the fractures and recovering

the heated tluids 1n at least one production well; and
injecting at least a portion of the heated fluids into the
artificial geothermal reservoir rock formation.

8. The method of claim 7 further comprising;:

utilizing at least a portion of the heated fluids from the hot

dry rock formation in a geothermal power plant; and
subsequently 1injecting brine from the power plant into the
artificial geothermal reservorr.

9. The method of claim 7 further comprising using two or
more hot dry rock zones connected by at least one of wells,
fractured well zones, and fractured rock zones permitting
fluids flow from one hot dry rock zone to another hot dry rock
ZONne; or

wherein the hot dry rock zones are segregated by tempera-

ture, the lower temperature hot dry rock zones are used
to heat the fluids injected into the artificial geothermal
reservoir; or

wherein some hot dry rock zones have lower fluid circula-

tion rates leading to higher temperatures, and some hot
dry rock zones have a higher fluid circulation rates lead-
ing to mtermediate temperatures, the different tempera-
ture produced fluids are segregated, and at least one of
the segregated fluids 1s 1njected into the artificial geo-
thermal reservorr.

10. The method of claim 7 further comprising:

reversing the fluid flow through at least one of the fractured

hot dry rock zones; and

recovering heated fluids from at least one reversed 1njec-

tion well and mmjecting fluids into at least one reversed
production well.

11. The method of claim 5, further comprising:

storing at least a portion of the thermal energy from heat

sources by heating thermal energy storage media; and
recovering the stored thermal energy from the thermal

energy storage media at a subsequent time and using the

recovered thermal energy to heat the pre-heated fluids.

12. A method of storing thermal energy comprising:

injecting pre-heated pressurized sub-critical fluids into a

rock formation to create a pre-heated artificial geother-
mal reservoir containing the pre-heated fluids 1n a tem-
perature range of 100 to 200 degree C., wherein the rock
formation either 1s permeable or 1s relatively imperme-
able, but either has natural fractures or 1s artificially
fractured to allow the pre-heated fluids to flow through
the rock formation to displace fluids 1n the fractures,
resulting 1n an accumulation of the pre-heated fluids;
and

heating and storing thermal energy 1n the pre-heated arti-

ficial geothermal reservoir by injecting higher-tempera-
ture or higher-enthalpy heated fluids to create a hot zone
in the artificial geothermal reservoir and increase the
artificial geothermal reservoir hot zone temperatures
into the range of 180 to 320 degrees C.

13. The method of claim 12, further comprising storing
additional thermal energy in the pre-heated artificial geother-
mal reservoir by heating the injected fluids using thermal
energy from at least one of these heat sources:
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thermal energy removed from a thermal power plant by
exchanging the injection fluids against hot working flu-
1ds extracted from the thermal power plant; or exchang-
ing against heat transier fluids that were heated using hot
working fluids extracted from a thermal power plant;

thermal energy from a concentrated solar thermal collec-
tion system by either using the pre-heated fluids as a
collection fluid, or by using an intermediate heat transfer
fluid as the collection fluid wherein the heat transfer
fluid exchanges thermal energy with the 1njection
injected fluids;

thermal energy from flue gas or exhaust gas heat recovery

units on fired heaters or gas turbines; and
thermal energy recovered from higher-temperature hot dry
rock formations followed by injecting and circulating
the higher-temperature fluids through the pre-heated
artificial geothermal reservoir to sweep the pre-heated
fluids from the hot zone of the artificial geothermal
IeServoir.

14. The method of claim 13, further comprising:

using thermal energy from a thermal energy storage to
further heat the mjected fluids thereby transferring the
stored thermal energy into the pre-heated artificial geo-
thermal reservoitr.

15. The method of claim 12, further comprising:

recovering the stored heated fluids from the hot zone of the

artificial geothermal reservoir; and

utilizing the heated fluids 1n at least one geothermal power

plant to produce electricity.

16. The method of claim 15, wherein segregated tluid pro-
duction systems are used to recover heated fluids inside of the
hot zone at a higher temperature than fluids recovered outside
of the hot zone, and each source of recovered fluids 1s a
separate feed to the geothermal power plant.

17. The method of claim 15, further comprising using a
Geosolar Injection Method to store thermal energy, recover
thermal energy, and utilize thermal energy from the artificial
geothermal reservoir to generate electricity, wherein the Geo-
solar Injection Method comprises at least one of:

reversing hot zone injection wells to recover the heated

fluads prior to reaching thermal equilibrium within the
hot zone:

injecting steam 1nto the hot zone to form a steam chest, and

reversing the injection wells to produce the steam belore
reaching thermal equilibrium and collapsing the steam
chest;

injecting heated fluids 1n a central region of the hot zone,

and recovering the heated flumids from a peripheral region
of the hot zone to circulate heated fluids within the hot
ZONe;

injecting spent brine from the at least one geothermal
power plant into flanks of the artificial geothermal res-
ervoir; and injecting pre-heated tluids into pre-heated
zones 1n the artificial geothermal reservoir continuously
or periodically to circulate fluids through the pre-heated
ZONES;

alternating an 1injection of heated brine with an 1njection of
heated pressurized water or steam; and

using multiple hot zones in the artificial geothermal reser-
voir, staging the hot zones to provide a continuous
source of heated fluids production to the at least one
geothermal power plant.

18. The method of claim 15, further comprising:

utilizing recovered thermal energy 1n at least one geother-
mal power plant to generate electricity; and

using a Basic Geosolar Method to integrate the geothermal
power plant into a geosolar project that includes at least
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one concentrated solar thermal power plant and a ther-

mal energy storage system, wherein the Basic Geosolar

Method comprises at least one of:

extracting partially expanded working fluids from the at
least one concentrated solar thermal power plant, and
using thermal energy contained 1n the working fluids
to charge multiple stages of thermal energy storage
modules;

using thermal energy storage modules to store thermal
energy 1n each stage having a specified temperature
range associated with that stage;

repositioning the thermal energy storage modules 1n a
cascaded arrangement, wherein the thermal energy
storage modules are switched 1nto a higher tempera-
ture range stage after charging in a current tempera-
ture range stage, or a lower temperature range stage
alter discharging in the current temperature range
stage:

using temperature stages of the thermal energy storage
modules to heat the pre-heated fluids or the heated
fluids mjected to form and replenish the hot zone;

using the higher temperature range stage of the thermal
energy storage modules to supply thermal energy to
the solar thermal power plant or the geothermal power
plant for at least one of purposes of providing supple-
mental thermal feed, extending power plant opera-
tion, increasing thermal feed, and increasing electric-
ity generated; and

using thermal energy storage modules to temporarily
store thermal energy, and continuously heat mjected
fluids during peak solar seasonal storage.
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